The lateral superior olive (LSO) is believed to encode differences in sound level at the two ears, a cue for azimuthal sound location. Most high-frequency-sensitive LSO neurons are binaural, receiving inputs from both ears. An inhibitory input from the contralateral ear, via the medial nucleus of the trapezoid body (MNTB), and excitatory input from the ipsilateral ear enable level differences to be encoded. However, the classical descriptions of low-frequency-sensitive neurons report primarily monaural cells with no contralateral inhibition. Anatomical and physiological evidence, however, shows that low-frequency LSO neurons receive low-frequency inhibitory input from ipsilateral MNTB, which in turn receives excitatory input from the contralateral cochlear nucleus and low-frequency excitatory input from the ipsilateral cochlear nucleus. Therefore, these neurons would be expected to be binaural with contralateral inhibition. Here, we re-examined binaural interaction in low-frequency (less than ϳ3 kHz) LSO neurons and phase locking in the MNTB. Phase locking to low-frequency tones in MNTB and ipsilaterally driven LSO neurons with frequency sensitivities Ͻ1.2 kHz was enhanced relative to the auditory nerve. Moreover, most low-frequency LSO neurons exhibited contralateral inhibition: ipsilaterally driven responses were suppressed by raising the level of the contralateral stimulus; most neurons were sensitive to interaural time delays in pure tone and noise stimuli such that inhibition was nearly maximal when the stimuli were presented to the ears in-phase. The data demonstrate that low-frequency LSO neurons of cat are not monaural and can exhibit contralateral inhibition like their high-frequency counterparts.
Introduction
For ϳ100 years, the Duplex theory has posited that low-and high-frequency sounds are localized using two different acoustical cues, interaural time delays (ITDs) and interaural level differences (ILDs), respectively (Rayleigh, 1907) . Psychophysical data have generally supported the theory for pure tones (Stevens and Newman, 1936; Mills, 1958) . Anatomical and physiological studies have revealed two parallel brainstem pathways that appear to encode ITDs and ILDs separately (Yin, 2002) . ITDs are extracted by medial superior olive neurons in which ITD sensitivity results from the coincident arrival of excitatory inputs from the two ears [excitatory-excitatory (EE) binaural interaction], causing maximal responses when the ITD in the stimulus offsets differences in neural conduction times from the ears. ILDs are extracted by lateral superior olive (LSO) neurons via a subtraction-like process resulting from inhibitory inputs from the contralateral and excitatory inputs from the ipsilateral ear [inhibitory-excitatory (IE) binaural interaction]. The dual brainstem pathways provide anatomical and physiological correlates of the Duplex theory.
LSO neurons encode ILDs for high-frequency sounds in which the cues are physically available (Boudreau and Tsuchitani, 1968; Tollin, 2003) , but there are discrepancies regarding low-frequency neurons. The classical descriptions of LSO report that low-frequency neurons are not binaural but rather are monaural in that they respond to stimuli presented to only one ear (Boudreau and Tsuchitani, 1968; Guinan et al., 1972b; Tsuchitani, 1977) . Batra et al. (1997) were also unable to find lowfrequency IE neurons in the rabbit brainstem, although it appears they only used monaural responses to assess the presence of inhibitory input via reductions in spontaneous activity. However, anatomical and physiological evidence predicts that lowfrequency LSO neurons should exhibit IE interaction and thus respond to ILDs. First, these neurons receive excitatory input from neurons in the ipsilateral cochlear nucleus and frequencymatched input from glycinergic, inhibitory cells of the ipsilateral medial nucleus of the trapezoid body (MNTB), which in turn receives excitatory input from neurons in the contralateral cochlear nucleus (Glendenning et al., 1985; Smith et al., 1993 Smith et al., , 1998 . Low-frequency LSO neurons would also be expected to be sensitive to ITDs in the ongoing "fine structure" of lowfrequency sounds, because the afferents preserve temporal information in the fine structure of the sounds from both ears: lowfrequency neurons of the ipsilateral cochlear nucleus (Joris et al., 1994) and the MNTB exhibit phase-locked action potentials that occur at particular phases of low-frequency tones (Smith et al., 1998; Kopp-Scheinpflug et al., 2003) . We hypothesize that the ITD that offsets the differences in neural conduction times from the two ears should result in the coincident arrival of excitation and inhibition from the ipsilateral and contralateral ears, respectively. Consequently, LSO neurons will be maximally inhibited at this delay. Low-frequency LSO neurons sensitive to ILDs have been reported (Caird and Klinke, 1983; Finlayson and Caspary, 1991; Spitzer and Semple, 1995; Joris and Yin, 1995) , but few studies in the cat (Caird and Klinke, 1983; Joris and Yin, 1995) have reported ITD-sensitive cells of the type just described nor have they been studied in detail. Here, we report results from low-characteristic-frequency (less than ϳ3 kHz) LSO and MNTB neurons.
Materials and Methods

General
All procedures used were approved by the University of Wisconsin Animal Care and Use Committee and also complied with the National Institutes of Health guidelines for animal use. Adult female cats were anesthetized initially with ketamine hydrochloride (20 mg/kg) along with acepromazine (0.1 mg/kg). Atropine sulfate (0.05 mg/kg) was also administered to reduce mucous secretions. A venous cannula was implanted in the femoral vein through which supplemental doses of sodium pentobarbital (3-5 mg/kg) were administered as needed to maintain areflexia. The cat's temperature was monitored continuously with a rectal thermometer and maintained with a heating pad at 37°C. A tracheal cannula was inserted to facilitate respiration. Both pinnas were removed, and tight-fitting hollow earpieces were fitted snugly into the external auditory meati. Polyethylene tubing (PE-90; 30 cm; inner diameter, 0.9 mm; Clay Adams, New York, NY) was glued into a small hole made in each bulla to maintain normal middle-ear pressure.
A ventral transpharyngeal approach was used, and the LSO was accessed by drilling small holes into the basioccipital bone. Small slits were then made in the dura through which parylene-coated tungsten microelectrodes (1-2 M⍀; Microprobe, Clarksburg, MD) were advanced ventromedial to dorsolateral at an angle of 26 -30°into the brainstem by a hydraulic microdrive affixed to a micromanipulator (Trent Wells, Coulterville, CA) that could be advanced remotely from outside the double-walled sound-attenuating recording chamber (Industrial Acoustics Company, Bronx, NY). Electrical activity was amplified and filtered between 300 and 3000 Hz (model CR4; Princeton Applied Research, Oak Ridge, TN). Unit responses were discriminated with an amplitude-time window discriminator (model DIS-1; Bak Electronics, Mount Airy, MD), and spike times were stored at a precision of 1 s via custom-built equipment.
Histology
In most experiments, electrolytic DC lesions were made to differentiate electrode tracks, mark locations of interest, and assist in estimating tissue shrinkage after histological processing. At the conclusion of each experiment, the brain was fixed in 10% formalin by immersion or perfusion through the heart. The fixed tissue was cut into 50 m frozen sections and stained with cresyl violet so that electrode tracts and lesions could be seen. Figure 1 shows a section of brainstem from an experiment in which two low-frequency LSO neurons were recorded from two parallel electrode penetrations.
Stimuli
General. All stimuli were generated digitally at 16 bit resolution and converted to analog at a rate of 100 kHz via the custom-built digital stimulus system designed by Rhode (1976) . Overall stimulus level was controlled using programmable attenuators. The conditioned output of the digital-to-analog converter was sent to an acoustic assembly (one for each ear) comprising an electrodynamic speaker (40-1377; Realistic, Fort Worth, TX), a calibrated probe-tube microphone (0.5 inch; Brüel & Kjaer, Norcross, GA), and a hollow earpiece that was fit and sealed snugly into the cut end of the auditory meatus. The hollow earpiece accommodated the small probe-tube microphone by which the sound delivery system to each ear was calibrated for tones between 50 Hz and 40 kHz in 50 Hz steps. The calibration data were used to compute digital filters that equalized the responses of the acoustical system and typically yielded flat frequency responses within Ϯ2 dB for frequencies Ͻ25 kHz.
Tone bursts of varying frequency were used as search stimuli with the sound pressure level of the tone to the ipsilateral ear being 5-10 dB higher than the tone to the contralateral ear so that the IE cells of the LSO would not be missed. Once a single unit was isolated and the excitatory ear determined, its characteristic frequency and threshold level were measured using an automated tracking procedure based on that by Kiang et al. (1970) . Discharge rate was measured as a function of sound pressure level by presenting 200 repetitions of a 50 ms duration tone (3.9 ms rise/fall times) every 100 ms at the characteristic frequency at different sound pressure levels in 5-10 dB steps. From these rate-level functions, the resulting poststimulus time and period histograms were examined. Phase locking (or synchrony), which measures the tendency of a neuron to fire action potentials that are synchronized to a particular phase of a sinusoidal stimulus, was measured by computing the synchronization coefficient (Goldberg and Brown, 1969) . To determine the presence and nature of any binaural interaction, a characteristic frequency tone or broadband noise (300 ms duration presented every 500 ms with a rise/fall time of 4 ms) was presented to the ipsilateral ear at 10 -20 dB above the threshold level while the level of a corresponding characteristic frequency tone or noise presented to the contralateral ear was varied. This procedure reveals whether ipsilaterally evoked neural responses can be inhibited by contralateral stimulation, a hallmark of LSO cells.
Binaural beat. Sensitivity to ITDs of low-frequency tones was assessed in two ways. The first method used the binaural-beat stimulus (Kuwada et al., 1979) . To create binaural beats, tones of 5 s in duration were presented to both ears ϳ20 -30 dB above ipsilateral-ear threshold but with a frequency difference of 1 Hz, usually with the tone to the ipsilateral ear having the higher frequency. The binaural-beat stimulus results in a dynamically changing difference in the phases of the tones presented to the two ears, or interaural phase difference (IPD), over a 1 s period (see Fig. 5C , inset, for example binaural beat). ITDs can be computed from IPDs by simply dividing the IPD by the stimulus frequency. For example, an IPD of 0.5 cycles with a 500 Hz stimulus is equivalent to an ITD of 1 ms, but the same IPD is equivalent to 0.5 ms for a 1000 Hz stimulus. As discussed below, we use IPDs in the analysis of the data because it allows the binaural sensitivity of a neuron to be classified in a common framework, regardless of the absolute sensitivity to ITDs. If the neuron is sensitive to IPD, then its response will be modulated systematically by the variation in IPD present in the binaural beats, which can be converted to an ITD.
Responses of LSO neurons to the 1 Hz binaural-beat stimuli were obtained at several different frequencies near the characteristic frequency of each neuron. At each frequency, the stimulus was repeated three times with a 1 s interstimulus interval. To characterize the tendency of these neurons to phase lock or fire action potentials at particular IPDs, period histograms were constructed by binning (64 bins) the responses on the period (1 s) of the binaural-beat frequency (1 Hz). Note that stimuli presented in the configuration we used, with the ipsilateral ear having the higher frequency, were equivalent to a "negative" binaural beat by our convention (Kuwada et al., 1979; Yin and Kuwada, 1983) . To be consistent with previous studies, the interaural phase was "corrected" by flipping the period histograms around the point of IPD of 0.5 cycles when this stimulus configuration was used. From these corrected histograms, the mean IPD and the interaural synchronization coefficient, a measure of the precision of phase locking, were determined for each stimulating frequency. Significance of interaural phase locking was evaluated with the Rayleigh test (Mardia, 1972) at the p Ͻ 0.001 level. The characteristic delay (CD) (Yin and Kuwada, 1983) and characteristic phase (CP) were determined by fitting a line (least-squares procedure) to a plot of the mean IPD of the response to different frequencies, with each IPD being weighted by the product of the synchronization coefficient and the total number of spikes (Batra et al., 1997) . CD is given by the slope of the phase-frequency plot and represents the relative difference in neural conduction delays between the inputs to the neuron from the two ears.
The CP is determined from the y-intercept value of the phase-frequency plot at 0 Hz and indicates whether coincident arrival of inputs from the two ears results in maximal or minimal responses. In our convention, positive CDs (CD Ͼ 0) indicate a delay to the ipsilateral input, simulating a stimulus in the contralateral sound field. A CP of 0.0 or 1.0 cycles indicates that the CD results in a maximal response from the neuron, which is consistent with EE neurons. A CP of 0.5 cycles indicates that the CD results in a minimal response from the neuron, consistent with IE neurons.
ITD sensitivity was also examined by presenting identical tokens of broadband noise with equal amplitude to the two ears but systematically varying the ITD. Here, ITDs were created by delaying the entire noise waveform. The resulting plots of mean discharge rate as a function of the ITD are called noise-delay functions. On occasion, we also assessed ITD sensitivity to pure tones at or near the characteristic frequency by presenting equal amplitude tones to the two ears but varying the ITD in the whole waveform, rather than using binaural beats.
Neuron classification. The LSO and MNTB neurons reported in this paper were classified based on two main factors: their physiological responses to tones and their anatomical location in the brainstem derived from histology. Physiologically, LSO neurons were identified by excitatory responses to ipsilateral and inhibitory responses to contralateral stimulation. Anatomically, these low-frequency LSO neurons were located in the lateral limb of the LSO. The low-frequency LSO neurons were invariably encountered deeper in the electrode penetration after having encountered high-to mid-frequency-sensitive IE neurons that were recorded in the medial and middle limbs, respectively, during the same penetrations. Their depth relative to the mid-to high-frequency neurons ranged from 441 to 1286 m (mean, 731 m). Given the angle of electrode penetration used in these experiments (26 -30°), the maximum distances separating the medial and the middle limbs of the LSO from the lateral limb measured in a sample of our histological sections (see Fig. 1 ) ranged from ϳ1300 to 750 m, respectively. The depths of all the low-frequency LSO neurons relative to high-frequency LSO neurons recorded in the same penetration fell below these maximums. MNTB neurons were identified by the shape of their extracellularly recorded action potentials, which exhibit a prepotential that precedes the action potential by ϳ500 s (Guinan et al., 1972a; Guinan and Li, 1990; Smith et al., 1998) and by responses only to monaural contralateral stimulation. They were also invariably located early in the electrode track shortly after encountering trapezoid body fibers (see Fig. 1 )
Results
Results are based on single-unit recordings of 16 LSO and 17 MNTB neurons, all with characteristic frequencies Ͻ3.2 kHz recorded from 15 cats. Within this sample, 11 of 16 LSO and 8 of 17 MNTB neurons had characteristic frequencies Ͻ1.5 kHz. All low-frequency LSO neurons were recorded during electrode penetrations that traversed the LSO (see Materials and Methods). The locations of 12 of 16 LSO neurons were verified through histology and electrode track reconstruction. Figure 1 shows an example histological section with two well stained parallel penetrations from which recordings of two low-frequency LSO neurons were obtained. The arrow indicates an electrolytic DC lesion made at the location of one of the neurons (characteristic frequency, 1.35 kHz), the responses of which are shown in Figure 7 . All MNTB neurons responded only to contralateral stimulation, exhibited prepotentials in their action potential waveforms, and were encountered in the dorsolateral portion of the MNTB nucleus. Because of limited recording time, not all stimulus manipulations were presented to each neuron.
The reason for the small number of neurons in our sample deserves some explanation. Historically, LSO, and to a lesser degree MNTB, neurons, which are located deep in the brainstem in the cat, have proven to be difficult to access and record from with microelectrodes. As a result of the over-representation of highfrequency neurons in the LSO, the lateral limb where the lowfrequency neurons are located is relatively small. The difficulty in recording from the low-characteristic frequency LSO neurons in the lateral limb is evident in the classic large-scale survey studies of the LSO. Of 432 neurons from all of the superior olivary complex (SOC) nuclei, Guinan et al. (1972b) recorded from only 22 LSO neurons, despite its relatively large size compared with other SOC nuclei (Fig. 1) , and only a handful of these had lowcharacteristic frequencies; and Tsuchitani (1977) recorded from 244 LSO neurons, but only 16 (7%) of those had characteristic frequencies Ͻ2 kHz. As for low-frequency (Ͻ2 kHz) MNTB neurons, Smith et al. (1998) and Kopp-Scheinpflug et al. (2003) recorded from only two and three cells, respectively. Clearly, there is a need for additional studies of these neurons.
Low-frequency LSO and MNTB neurons exhibit highly synchronized phase locking
In order for central neurons such as those in the medial superior olive and the LSO to encode ITDs, the afferent inputs from both ears to these neurons must accurately encode the temporal characteristics of the stimuli. Here, we examine whether lowcharacteristic-frequency LSO and MNTB neurons exhibit phaselocked responses to pure-tone stimuli. Previous studies from our laboratory have already demonstrated the excellent, and often enhanced (relative to their auditory nerve inputs), phase-locking abilities of globular and spherical bushy cells of the cochlear nucleus that provide the inputs to the MNTB and the ipsilateral inputs to the LSO (Joris et al., 1994) . Figure 2 shows the phaselocking ability of an MNTB neuron stimulated monaurally at the contralateral ear. Figure 2 A shows the frequency tuning curve of this neuron, which had a characteristic frequency of 317 Hz. The frequency tuning curve shapes and bandwidths of these neurons were similar to that seen in the auditory nerve and in cochlear nucleus neurons of similar characteristic frequencies. Figure 2 B shows that when presented with a 50 ms duration tone at the characteristic frequency, the discharge rate (filled circles) and the synchrony (open circles), which is a measure of the precision of phase locking, increased monotonically with increasing stimulus level. To illustrate how the synchronous firing of the neuron increases with stimulus level, Figure 2 , C and D, shows the dot rasters and cycle histograms for 200 presentations of the characteristic frequency tone at the three levels indicated. At high stimulus levels (e.g., Ͼ35 dB), this neuron exhibits enhanced synchrony [relative to auditory nerve fibers (ANFs) with similar characteristic frequencies; see below] and entrainment, firing an action potential on virtually every single cycle of the stimulus. This is indicated by the discharge rate of the neuron, which asymptotes to almost exactly 317 Hz at these higher stimulus levels. Figure 3 shows in the same format the responses of a LSO neuron with a low characteristic frequency of 440 Hz (Fig. 3A) . Figure  3B -D shows that when stimulated with a characteristic frequency tone presented to the ipsilateral, excitatory ear, this LSO neuron also exhibits a high degree of phase locking, with synchronization coefficients of 0.9 or greater. This LSO neuron exhibited a weakly nonmonotonic rate-level function. Figure 4 summarizes the synchronization coefficients of 17 MNTB and 10 LSO neurons as a function of the characteristic frequency of the neurons. For reference, also plotted are the synchronization coefficients from the population of auditory nerve fibers from the work by Johnson (1980) . LSO (t (145) ϭ 5.7; p Ͻ 0.0001) and MNTB (t (146) ϭ 5.4; p Ͻ 0.0001) neurons with char- Figure 2 , but, for a low-frequency LSO neuron stimulated with characteristic frequency (440 Hz; A), tones were presented to the excitatory ipsilateral ear only. The spontaneous rate for this neuron was 0 spikes/s. Note that because the response happened to fall near a stimulus phase of 0 cycles, the phase axis has been plotted from Ϫ0.5 to 0.5 cycles for ease of presentation. SPL, Sound pressure level; Sync, synchrony. . Low-frequency MNTB and LSO neurons exhibit phase locking to characteristic frequency tones that is enhanced over that seen in ANFs. Maximum (Max) synchronization coefficients are plotted as a function of the characteristic frequencies for MNTB (filled circles) and ipsilaterally stimulated LSO (Ipsi LSO; filled triangles) neurons from this study and from the population of ANF (small open circles) from the study by Johnson (1980) . For characteristic frequencies Ͻ1.2 kHz, LSO and MNTB neurons showed higher synchrony than ANFs with similar characteristic frequencies but lower synchrony for characteristic frequencies Ͼ1.2 kHz. Note that data points from three MNTB neurons overlap near 1 kHz, and two overlap near 2 kHz at a synchronization coefficient of 0.6. acteristic frequencies Ͻ1.2 kHz exhibited significantly enhanced synchronization to pure-tone stimuli. The synchronization is greater than that observed in auditory nerve fibers over the same ranges of characteristic frequencies. This enhanced synchrony is similar to the synchrony observed in low-characteristic frequency spherical and globular bushy cells (Joris et al., 1994) , suggesting that the enhanced phase locking at those peripheral levels is preserved at the MNTB when stimulated contralaterally and at the LSO when stimulated ipsilaterally. For neurons with characteristic frequencies greater than ϳ1.2 kHz, phase locking was clearly poorer than that exhibited by ANFs. This finding also mirrors the poorer phase locking observed in bushy cells at higher frequencies.
Low-frequency LSO neurons can be sensitive to both ILDs and IPDs
The excellent phase locking exhibited by low-characteristicfrequency LSO and MNTB neurons suggests that individual lowfrequency LSO neurons that exhibit IE binaural interaction might indeed be sensitive to IPDs in addition to ILDs. In Figure 5 , we show that the same LSO neuron as shown in Figure 3 exhibits sensitivity to both ILDs and IPDs, and it illustrates how these neurons were studied. This neuron showed highly phase-locked responses to characteristic frequency tones (440 Hz) presented to the ipsilateral ear (Fig. 3) . The function relating discharge rate to ILD, the rate-ILD function, for this neuron was studied by holding the level of a characteristic frequency tone presented to the ipsilateral excitatory ear constant at 30 dB (ϳ20 dB with respect to threshold), while increasing the level of a characteristic frequency tone simultaneously presented in-phase to the contralateral inhibitory ear (Fig. 5A, top abscissa) . Consistent with IE binaural interaction, increases in sound level at the contralateral ear progressively inhibited the ipsilaterally driven responses resulting in a classical sigmoidally shaped rate-ILD function that is characteristic of LSO neurons. Figure 5B shows that the neuron was also sensitive to the dynamically changing IPDs in binaural beat stimuli (Fig. 5C, inset) in that the responses were clearly modulated by the 1 Hz binaural beat frequency. As indicated by the period histograms on the right (the asterisks indicate significant phase locking at the p Ͻ 0.001 level to the 1 Hz beat frequency), the response was minimal when the stimuli were nearly in-phase (at the IPD of 0 cycles) at the two ears and nearly maximal when the stimuli were nearly out-of-phase (at 0.5 cycles). Recall that the period histograms were created by flipping the histograms created from the responses in Figure 5B (left column) around 0.5 cycles (see Materials and Methods). Observing these corrected period histograms for this neuron, it is clear that inhibition tended to occur over the first half of the cycle where the binaural beat stimulus was such that the stimulus delivered to the contralateral ear (the input to LSO of which is inhibitory) was leading that to the ipsilateral ear (i.e., ipsilateral delay). Minimal inhibition occurred over the last half of the cycle, in which the Figure 5 . Example of a low-frequency (characteristic frequency, 440 Hz) LSO neuron that is sensitive to ILD and IPD. Same neuron as in Figure 3 . A, Mean discharge rate as a function of ILD of characteristic frequency tones. ILD (bottom abscissa) was varied by fixing the level at the ipsilateral ear at 30 dB and changing the level of a simultaneously presented characteristic frequency tone to the contralateral ear (top abscissa). Consistent with IE binaural interaction, increases in the level of the contralateral tone inhibited ipsilaterally driven responses resulting in a sigmoidally shaped rate-ILD function. Error bars indicate Ϯ1 SEM. B, Poststimulus time histograms (PSTHs; left column) to binaural beat stimuli created by presenting a tone at the stimulating frequency (top right, left column) to the ipsilateral ear and a tone at a frequency 1 Hz less to the contralateral ear. An example binaural beat (C, inset) is shown. IPD sensitivity is evidenced by the response modulation at 1 Hz. Period histograms (right column) were constructed from the PSTHs by binning the responses on the period of the beat frequency (1 s). As described in Materials and Methods, the period histograms were corrected by flipping them around the point of IPD of 0.5 cycles. Using this representation, responses were low when the tones to the two ears were in-phase (0.0 cycles) and increased when the tones were out-of-phase (0.5 cycles). Vector averaging of the period histograms for each stimulating frequency yields a mean interaural phase (; top left of panels in right column) and synchronization coefficient (r). Asterisks indicate significant ( p Ͻ 0.001) phase locking to the 1 Hz beat frequency. C, Mean interaural phase ( b ) from the binaural-beat stimuli (B) as a function of frequency. The CD and CP are estimated from the slope and y-intercept of the best-fitting line to the phase-frequency data (solid line) and are indicated in the top left of the panel. D, The IPD sensitivity of the neuron as expressed in the binaural-beat period histograms (B) can be converted to an equivalent ITD sensitivity by dividing the IPD by the stimulus frequency and reorganizing the abscissa, as indicated by the drop lines. Stimulus frequency was 400 Hz. The location of the CD is indicated with an arrow. The solid line in bottom panel shows a smoothed version of the data. IPSI or Ipsi, Ipsilateral; CONTRA or Contra, contralateral.
stimulus configuration was reversed (Contra delay). In addition to the ILD sensitivity, this type of response to IPDs is wholly consistent with IE binaural interaction as well.
From the binaural-beat data at several different frequencies, the CP and CD were computed (Fig. 5C ). The slope of the bestfitting line to the phase-frequency data indicates the CD, and the intercept indicates the CP. Indicative of IE binaural interaction, the CP was near 0.5 (0.61 cycles). The positive CD (ϩ187 s) indicates that the inhibitory input from the contralateral ear lags the excitatory input from the ipsilateral ear by 187 s. The IPDs that occur over one cycle of the binaural-beat stimulus (Fig. 5C , inset) can be converted to equivalent ITDs by dividing the IPD axis of the period histograms by the stimulus frequency (see Materials and Methods). The period histograms can then be replotted as a function of this equivalent ITD. Figure 5D (top) shows an example period histogram created from the binaural-beat stimulus for a frequency of 400 Hz, which is replotted in terms of equivalent ITD (bottom). The drop lines show how the abscissa must be reorganized for this procedure. Figure 5D (bottom) shows the ITD sensitivity of this neuron. The location of the CD (187 s) is shown. This LSO neuron was jointly sensitive to both ILD and IPD (and, equivalently, ITD) , consistent with the expectations given IE binaural interaction and phase-locked inputs. Figure 6 shows the results of another low-frequency LSO neuron with a characteristic frequency of 566 Hz (Fig. 6 A) . This neuron was also sensitive to ILDs (Fig. 6 B) and IPDs of binaural beats (Fig. 6C,D) . Consistent with IE binaural interaction, the CP for this neuron was near 0.5 (0.47) cycles with a CD of 235 s. With this neuron, we were able to test the hypothesis that the CD is that delay which just offsets the relative neural delay in the excitatory and inhibitory inputs to the LSO from the two ears. To do this, we measured the noise-delay function constructed by plotting the mean discharge rate of the neuron as a function of the ITD between identical broadband noise bursts of equal amplitude presented to the two ears (Fig. 6E) . Based on the CP and CD of this neuron, we hypothesize that the response as a function of ITD should exhibit a minimum, or trough, at an ITD that just offsets the CD, that is, ϳ235 s (indicated by an arrow). Accordingly, there is a rate minimum at 200 s, the nearest ITD tested. Figure 7 shows yet another example (the histological location of this neuron is shown by the arrow in Fig. 1 ). This neuron had a characteristic frequency of 1345 Hz (Fig. 7A ) and was determined audiovisually to be ILD sensitive, as expected of LSO cells. The neuron was also clearly IPD sensitive yielding a CD of Ϫ299 s and a CP of 0.66 cycles (Fig. 7 B, C) . A CD Ͻ0 indicates that the excitatory input from the ipsilateral ear lags the inhibitory input from the contralateral ear. Figure 7D shows the noise-delay function for this neuron, which has a clear response minimum at a delay of 0 s, along with the predicted location of the response minimum at Ϫ299 s. Figure 8 shows a summary of the IPD and ILD sensitivity of low-characteristic frequency LSO neurons. To the extent to which the inputs to these neurons were phase locked (Fig. 4) , we expected these neurons to be IPD sensitive. All neurons tested (10 of 10) with binaural beats were modulated with changes in IPD for at least one carrier frequency. Two additional neurons were not tested with binaural beats, but their responses were systematically modulated by ITDs in characteristic frequency tones. Figure 8 A shows the phase-frequency plots for the eight neurons that were tested most extensively with binaural beats. Note that for two neurons, 110-47 and 023-14, the phase-frequency functions are based on only two points. Each point, however, produced significant phase locking to the binaural beats. All neurons yielded CPs that were nearer to 0.5 cycles (mean CP, 0.52 cycles; SD, 0.12 cycles; n ϭ 8) than they were to 0.0 or 1.0 cycles, and CDs Figure 5 . , Mean interaural phase; b , mean interaural phase from binaural-beat stimuli; *p Ͻ 0.001. E, Noise-delay function created by plotting the mean discharge rate as a function of the ITD of a broadband noise presented to the two ears with equal amplitude. Negative delays indicate that the contralateral stimulus lags the ipsilateral stimulus. Consistent with the CD (235 s) and the CP (0.47 cycles) obtained from the binaural-beat stimulus for this neuron (C, D), the response minimum in the noise-delay function occurs at an ipsilateral delay of 200 s, which is near the delay of 235 s predicted from the CD. At the CD, the ipsilateral excitation and the contralateral inhibition arrive coincidentally at the LSO neuron, resulting in maximal inhibition. Error bars in B and E represent Ϯ1 SEM. SPL, Sound pressure level; IPSI or Ipsi, ipsilateral; CONTRA or Contra, contralateral.
that ranged from Ϫ299 to 1065 s (mean CD, 186 s; SD, 451 s; n ϭ 8). Eleven of 13 neurons exhibited IE binaural interaction as evidenced by their ILD sensitivity; three were documented audiovisually, and the eight neurons tested with ILD functions showed the characteristic sigmoidally shaped rate-ILD functions illustrated in Figure 8 B. Of the 11 units that were tested for both ILD sensitivity and IPD sensitivity, nine were sensitive to both in a manner consistent with IE binaural interaction, and two responded to IPDs consistent with IE interactions but were not modulated by ILDs over the range tested. Of the seven units that were tested with both binaural beats and tested for sensitivity to ITDs in noise, five were modulated by both noise delays and IPDs consistent with IE interaction, and two were modulated by IPDs consistent with IE interaction but not modulated by noise delays. Although the noise-delay functions based on discharge rate for these latter two units did not change systematically with ITD, close examination of the dot rasters of the responses (data not shown) indicated that there was some form of binaural interaction, as evidenced by the systematic appearance and disappearance of responses as a function of ITD. Such responses would not be expected for a monaural unit. Finally, one neuron was monaural, with no ILD or IPD sensitivity, and could only be stimulated ipsilaterally.
Discussion
Previous evidence for low-frequency IPD and ILD sensitivity in LSO neurons Reports of low-frequency LSO neurons with IPD sensitivity are sparse (Caird and Klinke, 1983; Finlayson and Caspary, 1991; Joris and Yin, 1995; Batra et al., 1997) . In the most comprehensive study, Finlayson and Caspary (1991) recorded from 96 LSO neurons with characteristic frequencies Ͻ1.2 kHz in chinchilla. These neurons were sensitive to ILDs, and their responses could be modulated by IPDs. However, 31 of 61 neurons tested with both in-phase and out-of-phase stimuli showed maximum inhibition to stimuli 180°out-of-phase, rather than in-phase as would be predicted from IE binaural interaction. Thirty-two additional cells in their study that were only tested with in-phase stimuli had strong inhibition to in-phase tones consistent with our data. Batra et al. (1997) were surprised not to find any lowfrequency neurons with IE interaction in the brainstem of the awake rabbit. It is not clear whether they tested for ILD sensitivity by stimulating the ipsilateral ear and looking for inhibitory input from stimulation of the contralateral ear, as we have done. Lowfrequency LSO neurons showing ILD sensitivity have been reported occasionally (Caird and Klinke, 1983; Finlayson and Caspary, 1991; Joris and Yin, 1995; Spitzer and Semple, 1995) . In general, these studies examined either IPD or ILD sensitivity but rarely both. All of these reports, in addition to our data, differ from the classical descriptions of the low-frequency region of the LSO where neurons were reported to be predominantly monaural (Boudreau and Tsuchitani, 1968; Guinan et al., 1972a,b; Tsuchitani, 1977) . Only 1 of 16 neurons in our sample was monaural. al., 2001) . Models of binaural speech segregation (Culling and Summerfield, 1995) and the illusory binaural pitches (Huggin's, binaural edge, and Fourcin) require subtractive mechanisms (Fourcin, 1970; Culling et al., 1998a,b; Akeroyd and Summerfield, 2000) . Models incorporating subtraction from the two ears have been able to account for phenomena not easily explained by Jeffress-like EE interaction (de Cheveigne, 1993; Hartmann and Zhang, 2003) . These models require fast inhibitory interaction of temporally structured or phase-locked inputs. This is precisely the type of interaction that we found here in low-frequency LSO and MNTB.
